Introduction
============

Atherosclerosis is characterized by atherosclerotic plaques that result from inflammatory cell infiltration, lipid peroxidation, extracellular matrix deposition and other factors ([@b1-mmr-22-04-3327]). Moreover, atherosclerosis remains a major cause of long-term morbidity and mortality worldwide as it is a prerequisite to a large number of cardiovascular diseases (CVDs) ([@b2-mmr-22-04-3327]); for example, the prevalence of CVDs was predicted to reach 43.9% in the United States in 2030 ([@b3-mmr-22-04-3327]), and in 2015 alone, 17.7 million people died from CVD worldwide ([@b4-mmr-22-04-3327]). While a coronary artery bypass graft is widely performed for the revascularization of occluded vessels, it cannot be used to treat the damage caused by atherosclerosis ([@b5-mmr-22-04-3327]).

Endothelial cell dysfunction is considered the main cause of atherosclerosis ([@b6-mmr-22-04-3327]). Endothelial cell dysfunction is a complex process initiated by phenotypic changes in endothelial cells that allows for the permeation of lipoproteins into subendothelial cells, as well as their physicochemical modification and trapping by macrophages, which ultimately become the foam cells that constitute the highly-thrombotic necrotic core of atherosclerosis plaque ([@b7-mmr-22-04-3327]--[@b9-mmr-22-04-3327]). Normal endothelial structure and function are important for maintaining vascular homeostasis. Moreover, a central feature of endothelial cell dysfunction is a reduced bioavailability of nitric oxide, which leads to abnormal physiological responses of the endothelial cells to stimuli, altered metabolism, oxidative stress and damage, and the recruitment of immune cells that accelerate atherosclerosis ([@b8-mmr-22-04-3327]--[@b10-mmr-22-04-3327]). Alterations in hemodynamics, immune responses and interventional therapy may also result in endothelial damage, dysfunction or death. Furthermore, risk factors for atherosclerosis, such as hypertension, alcoholism, smoking and diabetes, alter the function of endothelial cells ([@b11-mmr-22-04-3327]).

Endothelial progenitor cells (EPCs) are relevant to the prognosis of cardiovascular diseases. Previous research has shown that EPCs play a vital role in the occurrence and development of atherosclerosis ([@b12-mmr-22-04-3327]). Clinical trials and experimental studies have suggested that EPCs can form functional blood vessels *in vivo* ([@b13-mmr-22-04-3327]--[@b15-mmr-22-04-3327]), thus providing important cellular resources for the therapy of cardiovascular diseases via their direct involvement in angiogenesis and secretion of protective paracrine factors ([@b16-mmr-22-04-3327]--[@b19-mmr-22-04-3327]). EPC transplantation has also achieved positive results in the treatment of acute lung injury ([@b20-mmr-22-04-3327]), cerebral ischemia ([@b21-mmr-22-04-3327]), acute renal ischemia-reperfusion injury ([@b22-mmr-22-04-3327]) and aneurysm ([@b23-mmr-22-04-3327]) in animal models, suggesting that EPCs may have a clinical application in atherosclerosis.

Cell transplantation is one of the most widely studied biological approaches for improving atherosclerosis and other vascular diseases, with good clinical application prospects ([@b24-mmr-22-04-3327]). Previous studies have shown that vascular endothelial repair is achieved via the migration and proliferation of adjacent endothelial cells ([@b25-mmr-22-04-3327]--[@b27-mmr-22-04-3327]). Moreover, Asahara *et al* ([@b28-mmr-22-04-3327]) found that EPCs are bone marrow-derived CD34^+^ cells, which can differentiate and proliferate into mature endothelial cells, thus constituting an essential part of the vascular system. Atherosclerosis is a disease caused by an imbalance between vascular endothelial injury and repair ([@b29-mmr-22-04-3327]). Previous studies have revealed that the bone marrow, vascular wall, adipose tissue, spleen, liver and intestine can release EPCs ([@b30-mmr-22-04-3327]--[@b32-mmr-22-04-3327]). Furthermore, EPCs can be specifically targeted to the site of endothelial injury, participate in the repair of damaged vascular endothelium and promote angiogenesis in ischemic tissues ([@b33-mmr-22-04-3327]). However, transplantation of autologous EPCs still has several limitations, including a limited supply of expanded EPCs, impaired function, activity of transplanted cells and low survival rate of transplanted cells in an ischemic host environment ([@b34-mmr-22-04-3327],[@b35-mmr-22-04-3327]). In addition, EPCs in the bone marrow, peripheral blood and umbilical cord blood are highly immunogenic and can cause rejection ([@b36-mmr-22-04-3327]--[@b38-mmr-22-04-3327]). Currently, EPCs can only be used for autologous transplantation ([@b39-mmr-22-04-3327],[@b40-mmr-22-04-3327]). Furthermore, factors such as coronary heart disease, hypertension, diabetes mellitus, emphysema, acute lung injury, hyperlipidemia, liver fibrosis, systemic sclerosis, old age and long-term smoking, can decrease the number and function of autologous EPCs, which results in a reduced proportion of injected cells that successfully accumulate at the sites of vascular damage ([@b41-mmr-22-04-3327]). Therefore, it is important to develop novel pro-angiogenic strategies to improve the efficacy of EPC transplantation.

Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) with diameters \<50 nm have an iron oxide core that is stabilized by a monomer or polymer coating ([@b42-mmr-22-04-3327]--[@b44-mmr-22-04-3327]). USPIONs possess a highly reactive surface, uniform particle size distribution, beneficial suspension properties and the possibility of additional coating modification by conjugation with a drug ([@b42-mmr-22-04-3327]--[@b44-mmr-22-04-3327]). Moreover, USPIONs are being developed for cell processing ([@b45-mmr-22-04-3327]), automated DNA extraction ([@b46-mmr-22-04-3327]), detection of pathogens ([@b47-mmr-22-04-3327]), drug delivery and neuroimaging. In addition, USPIONs are also being developed for imaging of tumors and metastases in the liver, spleen and bone marrow, and perfusion imaging of atherosclerotic plaques and thrombosis ([@b42-mmr-22-04-3327],[@b43-mmr-22-04-3327],[@b48-mmr-22-04-3327]--[@b50-mmr-22-04-3327]).

While MRI technology, EPC-mediated therapeutic angiogenesis and vascular repair have advanced, the mechanisms of migration, adhesion, proliferation and angiogenic properties of EPCs remain unknown. Thus, identifying materials for the labeling of live cells is important for target tracing of living cells and promotion of tissue angiogenesis. To the best of our knowledge, no previous studies have examined USPION labeling of rabbit EPCs by MRI. Therefore, in the present study, labeled EPCs were transplanted into a rabbit arteriosclerosis model, and MRI was used to assess the effect of EPC transplantation and to examine the application of nanoparticles *in vivo*.

Materials and methods
=====================

### Cell culture

Rabbit EPCs were extracted according to a previous report ([@b51-mmr-22-04-3327]) using 40 rabbits (age, 2--3 months; sex, 20 males and 20 females; weight, 2.0-2.5 kg; Model Animal Research Center of Nanjing University). After mixing 5 ml rabbit anti-coagulated whole blood with sterile PBS (1:1 ratio), 5 ml rabbit lymphocyte separation medium (Tianjin HaoYang Biological Manufacture, Co., Ltd.) was added to 5 ml of the above mixture (1:1 ratio). Density gradient centrifugation was performed at 367 × g for 20 min at room temperature. The intermediate albuginea layer was extracted and washed with PBS three times, and the M199 medium (Prospec-Tany Techno Gene Ltd.) was added to count the suspended cells. Mononuclear cells at 5×10^6^/ml were seeded on human fibronectin-coated (5 g/cm^2^; BD Biosciences) culture dishes. EPCs were cultured in M199 culture medium containing 20% fetal calf serum (FCS; Gibco; Thermo Fisher Scientific, Inc.), 8 ng/ml vascular endothelial growth factor (VEGF; Prospec-Tany Techno Gene Ltd.) and 8 ng/ml basic fibroblast growth factor (bFGF; Prospec-Tany Techno Gene Ltd.) at 37°C with 5% CO~2~. After 48 h, non-adherent cells were removed, and the culture medium was changed every day to assess the morphology of the cells.

### Flow cytometry

On the 10th day of culture, adherent cells were collected and adjusted to 1×10^6^/ml with PBS. The proportions of cells positive for CD133, CD31, CD34 and vascular endothelial growth factor receptor 2 (VEGFR2) were determined by flow cytometry. Briefly, the cells were blocked with rabbit serum (cat. no. SL034; Beijing Solarbio Science & Technology Co., Ltd.) at 37°C for 30 min. Cells were washed with PBS and incubated with FITC-CD34 (1:100; cat. no. bs-0646R-FITC; BIOSS), PE-CD133 (1:100; cat. no. bs-0395R-PE; Beijing Biosynthesis Biotechnology, Co., Ltd.), FITC-CD31 (1:100; cat. no. bs-0195R-FITC; Beijing Biosynthesis Biotechnology, Co., Ltd.) and PE-VEGF receptor 2 (1:100; cat. no. bs-10412R-PE; Beijing Biosynthesis Biotechnology, Co., Ltd.) primary antibodies at 4°C for 20 min.

Rabbit auricular whole blood (1 ml) was collected and mixed with 2 ml erythrocyte lysate (BD Biosciences). The mixture was placed at room temperature for 5 min and centrifuged at 367 × g for 20 min at room temperature. After discarding the supernatant, the cell pellets were adjusted to 1×10^6^/ml with PBS. CD34^+^ and VEGFR^+^ circulating EPCs were detected by flow cytometry. An isotype-matched antibody (1:100; cat. no. bs-0295R-FITC; Beijing Biosynthesis Biotechnology, Co., Ltd.) was used as the control. Samples were analyzed on a fluorescence-activated cell sorting instrument (FACSCalibur; BD Biosciences) and Cell Quest v6.0.1 software (BD Biosciences).

### Angiogenesis

Matrigel (BD Biosciences; 500 µl) was added into 4 ml M199 medium. Adherent cells at 1×10^6^/ml were collected and seeded on Matrigel-coated plates. After incubation at 37°C for 24, 48 and 72 h, angiogenesis was observed under a light microscope (magnification, ×20; Carl Zeiss AG).

### Cell labeling with USPION and PLL

Polylysine (PLL; 0.5 ml; Sangon Biotech Co., Ltd.) was diluted 10 times with sterilized water. USPIONs (Taiwan Advanced Nanotech, Inc.; 0.2 ml) were prepared at a final concentration of 1 µg/µl. The diameters of the USPION particles and USPION particles conjugated with PLL (USPION-PLL) were measured by scanning electron microscopy (magnification, ×40; JSM-7800 Prime; JEOL, Ltd.).

USPION concentrations for labeling were 0, 1, 2, 4, 8, 16, 32, 64, 128 and 256 µg/ml. Sterile cover slides (diameter, 115 mm) were placed in 24-well culture plates (Corning, Inc.). After 12 h of incubation at 37°C of different USPION concentrations with 2×10^7^/ml EPCs in 24-well culture plates, the unlabeled USPIONs were removed by washing three times with PBS. Then, M199 medium supplemented with 20% FCS was added, and the cells were cultured at 37°C for 12 h. Cells in the control group were cultured in M199 medium at 37°C for 12 h. Cells were incubated with 0.4% Trypan blue for 2--3 min at room temperature to detect the activity of labeled cells and determine the optimal USPION concentration. Cover slides placed in the dish were stained with Prussian blue (40 g/l; cat. no. BP-DL122; Nanjing SenBeiJia Biological Technology Co., Ltd.) for 30 min at room temperature primarily, and then another 15 min for secondary staining. Labeling efficiency was observed under a confocal microscope (magnification, ×20; Carl ZeissAG) with image acquisition.

### Cell viability

An MTT assay was used to assess the proliferative activity of EPCs after labeling. A total of 1×10^5^ EPCs per well were seeded into 96-well plates. Then, 6-wells in the optimal labeling concentration and unlabeled groups were assessed at 1, 2, 3, 4, 5, 6 and 7 days. After incubation with 20 µl MTT solution at 37°C (Nanjing KeyGen Biotech Co., Ltd.; 5 g/l) for 4 h, the culture medium was discarded and 100 µl DMSO was added into each well. Formazan crystals were dissolved by shaking for 10 min. Absorption was measured on a microplate reader at 490 nm (Bio-Rad Laboratories, Inc.).

### Cell adhesion

Adherent labeled EPCs cultured for 3 days were collected and suspended in M199 medium. Then, 500 cells/well were added into 24-well plates. Adherent cells were cultured in M199 medium containing 20% FCS (0.5 ml) in an incubator with 5% CO~2~ at 37°C for 1 h. In total, 20 visual fields were randomly selected for cell counting using a light microscope (magnification, ×20).

### Scanning electron microscopy

EPCs were labeled with USPIONs at the optimal labeling concentration for 24 h and fixed with 2.5% neutral glutaraldehyde solution. Scissors was used to remove 1--3 muscle blocks with a cross-section of \~1×1 mm. Extracted muscle blocks were attached to glass slides to make them stretch. The slides were then fixed with 2.5% neutral glutaraldehyde solution (10 ml 25% glutaraldehyde solution; 50 ml 0.2 M phosphate buffer; 40 ml distilled water) at 4°C for \>15 min. Electron microscopy was performed using a JSM-7800 Prime microscope (magnification, ×200; JEOL, Ltd.). Elemental analysis of labeled cells was performed on an energy dispersive spectrometer (JEOL, Ltd.). Data were analyzed using the Gatan Microscopy Suite software version 2.11 (Gatan, Inc.; Thermo Fisher Scientific, Inc.).

### MRI

Labeled cells (2×10^6^) in the experimental and control groups were collected and diluted in 0.5% agarose to 1×10^6^ cells/ml. T2 map scanning was performed by MRI (1.5 T; Philips Medical Systems B.V) with an 8-channel head circular. The imaging parameters were: Field-of-view (FOV), 9.0 mm; echo time (TE), 105--1,500 ms; repetition time (TR), 2,300 ms; echo number, 32 and number of signals averaged (NSA)=1. The final T2 value was the average of three central T2 values in each test tube.

### Atherosclerosis rabbit model

In total, 40 rabbits (Model Animal Research Center of Nanjing University; age, 2--3 months; sex, 20 males and 20 females; weight, 2.0-2.5 kg) were divided into the model and control groups, with 20 animals per group. The animals were housed at 20--25°C and 40--60% humidity, under a 12-h light/dark cycle, with free access to food and water. The rabbits in the model and control groups were fed high-fat (18% extra fat vs. the standard diet) and standard diets for 12 weeks, respectively. In the 6th and 12th weeks, 2 ml rabbit auricular venous blood was collected from the ear margin vein and placed at room temperature for 30 min. Blood was sampled from an ear margin vein. Serum was extracted by centrifugation at 200 × g for 10 min at 4°C for the measurement of total cholesterol (TC; cat no. RJ21458), triglycerides (TG; cat. no. RJ21057), low-density lipoproteins (LDL; cat. no. RJ21040) and high-density lipoproteins (HDL; cat. no. RJ21068) using ELISAs (Shanghai Renjie Biotechnology Co., Ltd.).

After 12 weeks, the model and control groups were anesthetized by intramuscular injection with 5 mg/kg Lumianning (China Animal Husbandry Animal Health Products Co., Ltd.) and an intravenous injection of 15 mg/kg propofol and scanned using CT and MRI with the animals in the supine position. Vascular lesions were located based on CT scan results. The vessels in the lesion area were separated in the model group. The rabbits were euthanized by intramuscular injection with 16 mg/kg Lumianning and intravenous injection with 80 mg/kg propofol; the rabbits died immediately due to cardiac blood conduction and respiratory inhibition, and the death was painless as xylazine (one of the main ingredients of Lumianning alongside dihydroetorphine hydrochloride) is an anesthetic ([@b52-mmr-22-04-3327]--[@b56-mmr-22-04-3327]). In the control group, the vessels in the corresponding area were fixed with 3% formaldehyde at 4°C for 24 h, embedded in paraffin and sectioned into 5-µm sections. Hematoxylin and eosin (H&E) staining was subsequently performed and stained cells were visualized using a light microscope (magnification, ×20). The sections were stained with 0.2% hematoxylin for 3--8 min at room temperature and then stained with 0.5 g/100 ml eosin for 1--3 min at room temperature.

Immunohistochemistry was then performed. The sections were prepared as above and were blocked with 5% goat serum (cat. no. 0060-01; SouthernBiotech) for 10 min at room temperature. Subsequently, the sections were incubated with the following primary antibodies for 2 h at room temperature: Anti-CD280 (1:100; cat. no. b-6412R; Beijing Biosynthesis Biotechnology Co., Ltd.) and anti-matrix metalloproteinase (MMP)-2 (1:200; cat. no. b-0412R; Beijing Biosynthesis Biotechnology Co., Ltd.). Following the primary antibody incubation, the sections were incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:3,000; cat. no. bs-10295-g-HRP; Beijing Biosynthesis Biotechnology Co., Ltd.) for 30 min at room temperature. The morphological changes of the vessels were observed using light microscopy (magnification, ×400). The study was approved by the Animal Care and Use Committee of The Affiliated Drum Tower Hospital of Nanjing University Medical School, Nanjing Drum Tower Hospital.

### Cell transplantation

In the transplantation group, 10 rabbits were injected with 1×10^7^ labeled EPCs into the injured arterial lumen with a 1 ml syringe. In the control group, 10 rabbits were injected with unlabeled EPCs. Then, 1, 7 and 16 days after cell transplantation, the rabbits were scanned in the supine position on a 1.5 T MRI with head and neck phased-array coils. The imaging sequences were: T2 weighted image (T2WI) spin-echo sequence, TR=2,300 ms; TE=120.0 ms and FOV=9.0 mm. Local signal intensity was observed in the control and transplantation groups.

Then, 1, 7 and 16 days after transplantation, 1 rabbit per group was sacrificed after MRI scanning as previously described. The atherosclerotic artery (3 cm) was separated, fixed with 10% formaldehyde at 4°C for 24 h and embedded in paraffin. After transverse sectioning (5 µm) of the blood vessel, it was fixed at room temperature with 3% paraformaldehyde for 30 min, washed with PBS three times and stained with Prussian blue (40 g/l) at room temperature for 30 min. The effect of labeled cell transplantation was observed under a confocal microscope (magnification, ×20; Carl Zeiss AG).

### Statistical analysis

Data were analyzed using SPSS 17.0 (IBM Corp). Measurement data are presented as the mean ± SD. A comparison of group means was performed using an unpaired Student\'s t-test. P\<0.05 was considered to indicate statistically significant difference.

Results
=======

### Characteristics of the EPCs

It was found that EPCs cultured in fibronectin-coated plates in culture medium changed from a globe-like shaped cells to a thin structure, with some cells acquiring a fusiform pebble-like shape at day 10 ([Fig. 1A](#f1-mmr-22-04-3327){ref-type="fig"}). Furthermore, a Matrigel model was used to investigate whether cultured cells could be induced to form capillary-like structures *in vitro*. The present results suggested that EPCs could form a capillary-like structure after 48 h ([Fig. 1B](#f1-mmr-22-04-3327){ref-type="fig"}). Moreover, flow cytometry of EPCs demonstrated that the expression levels of the EPC surface markers CD133 ([Fig. 1C and E](#f1-mmr-22-04-3327){ref-type="fig"}), CD31 ([Fig. 1F and H](#f1-mmr-22-04-3327){ref-type="fig"}), CD34 ([Fig. 1D and G](#f1-mmr-22-04-3327){ref-type="fig"}) and VEGFR2 ([Fig. 1H](#f1-mmr-22-04-3327){ref-type="fig"}) were 98.1, 83.4, 3.4 and 52.1%, respectively. These results were consistent with those of surface markers in mature endothelial cells ([@b57-mmr-22-04-3327],[@b58-mmr-22-04-3327]).

### USPION-labeled EPCs retain adhesion and proliferative abilities

To examine cell proliferation and viability of EPCs labeled with different USPION concentrations, an MTT assay was performed. It was demonstrated that cell viability decreased with increasing USPION labeling time and concentration. While no significant differences were found in absorbance (490 nm) values among the 1, 2, 4, 8 and 16 µg/ml groups ([Fig. 2A](#f2-mmr-22-04-3327){ref-type="fig"}), cell proliferation and viability were suppressed in the 64, 128, 256 and 512 µg/ml groups. It was also found that the optimal USPION concentration was 32 µg/ml, with a cell viability of 78.3±12.2% (P\<0.05 vs. 64 µg/ml group; [Fig. 2A](#f2-mmr-22-04-3327){ref-type="fig"}). The adhesion rate of EPCs in the labeled group was only 28.16±3.45% at 1 h after passage with 32 µg/ml USPION, which was much lower compared with the unlabeled group (53.98±3.71%; P\<0.05). The present results suggested that the proliferative ability of EPCs in model rabbits was significantly lower compared with the control group (0.588±0.032 vs. 0.644±0.031; P\<0.05; [Fig. 2B and C](#f2-mmr-22-04-3327){ref-type="fig"}).

### Labeling of EPCs is successful

The prevalence of USPION content in the labeled EPCs was demonstrated by Prussian blue staining and scanning electron microscopy. Prussian blue staining identified blue iron particles in the cytoplasm of labeled EPCs at a 32 µg/ml USPION labeling ([Fig. 3A](#f3-mmr-22-04-3327){ref-type="fig"}), while no blue iron particles were found in the unlabeled EPCs ([Fig. 3B](#f3-mmr-22-04-3327){ref-type="fig"}). Scanning electron microscopy results indicated that USPION-PLLs were uniform in size and 10--20 nm in diameter ([Fig. 3C and D](#f3-mmr-22-04-3327){ref-type="fig"}). After labeling of EPCs, it was found that USPIONs were irregularly distributed in the cytoplasm and uniform in size, and no nanoparticles were found in the nucleus ([Fig. 3E](#f3-mmr-22-04-3327){ref-type="fig"}). Energy spectrum element analysis results suggested that USPION-PLL nanoparticles were mainly composed of iron ([Fig. 3F](#f3-mmr-22-04-3327){ref-type="fig"}), but no iron was found in the labeled cells after 3 days of culture ([Fig. 3G](#f3-mmr-22-04-3327){ref-type="fig"}). *In vitro* MRI results indicated that the T2WI signal intensity of USPION-labeled EPCs decreased with increasing USPION concentration compared with unlabeled cells. However, the T2WI signal intensity of 32 µg/ml USPION-labeled EPCs showed relatively good signals compared with the other groups ([Fig. 3H and I](#f3-mmr-22-04-3327){ref-type="fig"}), suggesting successful labeling of EPCs with USPIONs.

### Success of the atherosclerotic rabbit model

Serum TC, LDL and HDL levels in rabbits fed high-fat diet were increased significantly at 12 weeks (P\<0.01; [Fig. 4A-D](#f4-mmr-22-04-3327){ref-type="fig"}). CT images showed that the blood vessel wall in the control group was smooth and intact with no abnormal phenotypes, such as protuberances in the vessel lumen. However, atherosclerotic plaques attached to the aortic wall were found in the modeling group, which were protruding into the vascular lumen ([Fig. 4E and F](#f4-mmr-22-04-3327){ref-type="fig"}). H&E staining results demonstrated that the vascular endothelium in the control group was intact with uniformly distributed elastic fibers. Moreover, no foam cell or lipid deposition was observed under light microscopy in the control group. However, obvious intimal hyperplasia and irregular arterial lumen were observed in the model group, with lipid plaques intruded into the lumen and a large number of foam cells aggregated in the plaques ([Fig. 4G and H](#f4-mmr-22-04-3327){ref-type="fig"}). Compared with the control group, matrix metalloproteinase-2 expression was positive in the atherosclerotic plaques of the modeling group, mainly in the cytoplasm of foam cells and endothelial cells in the plaques ([Fig. 4I and J](#f4-mmr-22-04-3327){ref-type="fig"}). In addition, positive expression of CD280 was also observed in the foam cells of atherosclerotic plaques in the modeling group ([Fig. 4K and L](#f4-mmr-22-04-3327){ref-type="fig"}). Collectively, the present results indicated the successful establishment of the atherosclerotic rabbit model in this study.

### Transplantation of USPION-labeled EPCs promotes atherosclerosis repair

Compared with the control group, the injured vessels in the model group showed no significant difference in contralateral vessels after the transplantation of USPION-labeled EPCs. Moreover, there were low signals in the lumen, suggesting a fluent blood flow in the lumen ([Fig. 5A-D](#f5-mmr-22-04-3327){ref-type="fig"}). Histopathological analysis results suggested that 1 day after transplantation of labeled cells, blue-stained granules were observed in the intima of vascular lesions in model rabbits, thus indicating that the labeled EPCs were successfully implanted in the damaged vessels ([Fig. 5E](#f5-mmr-22-04-3327){ref-type="fig"}). Moreover, no blue-stained cells were found in pathological sections 7 days after transplantation of the labeled cells ([Fig. 5F](#f5-mmr-22-04-3327){ref-type="fig"}). In the control group, no blue-stained cells were observed after transplantation of unlabeled cells throughout the assay ([Fig. 5G](#f5-mmr-22-04-3327){ref-type="fig"}).

Discussion
==========

In the present study, it was found that USPION-labeled EPCs could promote angiogenesis both *in vitro* and *in vivo*. Thus, the present results may facilitate the development of a novel therapeutic tools for atherosclerotic vessels.

Stem cell transplantation therapy has become a hot topic in biomedical research, but its clinical application is still limited despite breakthroughs ([@b59-mmr-22-04-3327]--[@b61-mmr-22-04-3327]). Currently, the greatest challenge facing EPC transplantation is how to improve *in vivo* survival, identify the outcomes of the transplanted cells and monitoring the effectiveness of the treatment ([@b62-mmr-22-04-3327]). The conventional tracing method is used to performed regular observation using histopathological sections, but this method cannot dynamically monitor EPCs involved in the repair and regeneration processes of damaged vessels in real-time *in vivo* ([@b62-mmr-22-04-3327]).

The development of molecular MRI technology provides new approaches for studying the therapeutic effects of EPCs transplantation by non-invasive dynamic monitoring ([@b63-mmr-22-04-3327]). Previous studies investigating molecular imaging contrast agents based on USPION in cells are the most common ([@b42-mmr-22-04-3327],[@b43-mmr-22-04-3327],[@b48-mmr-22-04-3327]--[@b50-mmr-22-04-3327]). It has been shown that USPION-labeled EPCs can reach the treatment target under the action of external magnetic fields and can participate in repairing damaged blood vessels ([@b64-mmr-22-04-3327]). Moreover, USPION is highly sensitive, and has no short-term or long-term biological side effects on the labeled cells ([@b65-mmr-22-04-3327]--[@b67-mmr-22-04-3327]).

SPIO particles constitute an important method for evaluating plaque instability *in vivo* ([@b68-mmr-22-04-3327]--[@b70-mmr-22-04-3327]). Furthermore, EPCs labeled with SPIO particles have been widely used in the treatment of diseases, including atherosclerosis ([@b71-mmr-22-04-3327]). This method has also been used to evaluate plaque inflammatory response in patients with carotid atherosclerosis ([@b43-mmr-22-04-3327],[@b69-mmr-22-04-3327]). The relatively large size of SPIO particles may result in improved uptake rate of cells ([@b72-mmr-22-04-3327],[@b73-mmr-22-04-3327]) and the longer half-life of blood pool USPIONs allows them to be frequently used for *in vivo* vessel labeling, as shown in animals and patients with several diseases, including vessel disorders ([@b74-mmr-22-04-3327],[@b75-mmr-22-04-3327]). In patients, the half-life of blood pool USPIONs is \>24 h ([@b76-mmr-22-04-3327]), whereas that of SPIOs is \<6 min ([@b77-mmr-22-04-3327]). The present study investigated the potential effect of USPION-labeled EPCs homing to injured endothelium and whether local atherosclerosis could be prevented by this EPC administration. High-resolution MRI can detect plaque components *in vivo*, such as intra-plaque or subintimal hemorrhage, fibrous cap and lipid-rich plaque core ([@b78-mmr-22-04-3327]--[@b80-mmr-22-04-3327]). Thus, using USPIONs to enhance MRI could be used to show plaque inflammation *in vivo* ([@b81-mmr-22-04-3327],[@b82-mmr-22-04-3327]).

Previous studies have focused on the transplantation of EPCs for the treatment of vascular diseases ([@b18-mmr-22-04-3327],[@b25-mmr-22-04-3327],[@b38-mmr-22-04-3327]--[@b40-mmr-22-04-3327],[@b62-mmr-22-04-3327]--[@b64-mmr-22-04-3327],[@b83-mmr-22-04-3327]). Werner *et al* ([@b84-mmr-22-04-3327]) revealed that spleen-derived endogenous or transfused progenitor cells home to the site of vascular injury, which results in enhanced reendothelialization and regeneration of endothelial cells, thus indicating a critical and novel therapeutic approach for the management of vascular injury at the early stages of atherosclerosis. Moreover, the results from this previous study ([@b84-mmr-22-04-3327]) were consistent with those from the present study.

In addition, Ma *et al* ([@b51-mmr-22-04-3327]) found that atherosclerosis is inhibited by SPIO-labeled EPCs, suggesting that these cells may play a role in the restoration of endothelial injury and atherosclerosis prevention. However, George *et al* ([@b85-mmr-22-04-3327]) showed an opposite result, that the transfer of bone marrow cells or EPCs may cause increased atherosclerotic lesion size, and that EPC transfer may potentially influence plaque stability. Therefore, the discrepancy between these studies may be due to the different animal models used and different time points. In the study by George *et al* ([@b85-mmr-22-04-3327]), an apolipoprotein E knockout mouse model, with atherosclerotic plaques already formed in the abdominal aorta and carotid artery, was used.

The diameter of the USPIONs used in the present study was 6--10 nm, which is smaller than that of SPIO particles ([@b44-mmr-22-04-3327]). Encapsulated USPIONs using polylysine form electrostatic complexes to stimulate the endocytosis of EPCs, and USPIONs can enter the cytoplasm ([@b65-mmr-22-04-3327]--[@b67-mmr-22-04-3327]). The present results suggested that the adhesion and proliferation of EPCs were not significantly different compared with unlabeled cells, and that the biological function of these cells was maintained, which was in line with results from a previous study ([@b23-mmr-22-04-3327]). Furthermore, the half-life of USPION in the plasma is longer than that of SPIO, it is highly biocompatible and can produce a large paramagnetism effect when subjected to a magnetic field ([@b65-mmr-22-04-3327]--[@b67-mmr-22-04-3327]). Moreover, USPION can form a low signal region for imaging on spin-echo and gradient-echo MRI sequences ([@b44-mmr-22-04-3327]).

In previous imaging studies of *in vitro* cell populations, it has been shown that the change rate of signal intensity on T2WI is largest after cells are labeled with USPIONs ([@b83-mmr-22-04-3327],[@b86-mmr-22-04-3327]--[@b88-mmr-22-04-3327]). In the present study, MRI results suggested that the change rate of signals for labeled EPCs was the most significant on T2WI. However, T2WI is associated with disadvantages such as large magnetic susceptibility artifacts on the gas-tissue interface ([@b89-mmr-22-04-3327]). The present results also indicated that no signal change was visible in each MRI imaging sequence and that a small number of blue-stained particles were observed in the intima 1 day after transplantation, while no blue-stained particles were found at 7 and 16 days. These results may be due to the fact that damaged local intima was repaired or that there was hyperplasia of the smooth muscle cells, meaning EPCs could not remain in the intima ([@b90-mmr-22-04-3327],[@b91-mmr-22-04-3327]). The time of local incubation was short, the cells may have been expelled from the affected blood vessels due to the blood flow and migrated to other vascular segments ([@b92-mmr-22-04-3327]). Furthermore, after digestion and before transplantation, the cells remained in an *in vitro* environment and therefore a large number of cells died, which would affect cell adhesion to the vascular wall. In addition, the number of transplanted cells in the present study too small. Moreover, cells cannot stay locally and can undergo immune rejection ([@b36-mmr-22-04-3327]--[@b38-mmr-22-04-3327]).

As the number of experimental animals was small in the present study, further studies are required to assess the feasibility of diagnosing and treating atherosclerotic cardiovascular disease using the homing effect of EPCs. Currently, when using animal models, the presence of EPCs can only be confirmed by biopsy or sacrificing the animals to obtain tissues of corresponding target organs for pathological diagnosis. Thus, there is a lack of dynamic monitoring of the transplanted cells, meaning that the clinical application is limited. Therefore, there is an urgent need to use a non-invasive imaging labeling of the cells in order to trace *in vivo* cell distribution and to evaluate the cell retention time, differentiation and proliferation in the target organs. In addition, tracing labeled cells can lead to optimization of the window for cell transplantation, provide ideal feedback of cellular localization, and improve the understanding of the dose or number of cells required for therapeutic treatments.

In conclusion, magnetic labeling of cells with USPIONs may be an effective novel approach for monitoring the temporal and spatial migration of EPCs into vessels. Furthermore, the present results may facilitate the development of cell-based therapeutics for atherosclerosis.
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USPION

:   ultrasmall superparamagnetic iron oxide nanoparticle

EPCs

:   endothelial progenitor cells

USPION-PLL

:   USPION-poly-l-lysine

SPIO

:   superparamagnetic iron oxide

T2WI

:   T2 weighted image

![Morphological characteristics of rabbit EPCs. (A) Cells changed from a globe-like shape to a thin structure, with acquiring a fusiform pebble-like shape at day 10. Magnification, ×20. (B) EPCs formed a capillary-like structure after 48 h on Matrigel. Magnification, ×20. (C-H) Expression levels in EPCs of the endothelial cells surface markers (C and E) CD133, (D and G) CD34, (F) CD31 and (H) VEGFR2 were 98.1, 3.4, 83.4 and 52.1%, respectively. EPCs, endothelial progenitor cells; FACS, fluorescence-activated cell sorting; VEGFR-2, vascular endothelial growth factor receptor 2.](MMR-22-04-3327-g00){#f1-mmr-22-04-3327}

![Cell viability upon labeling. (A) Endothelial progenitor cell viability was analyzed by MTT assay. Cell growth and viability were suppressed in the 64, 128, 256 and 512 µg/ml groups. The optimal ultrasmall superparamagnetic iron oxide nanoparticle concentration was 32 µg/ml, with cell viability of 78.3±12.2%. (B) Adhesive ability. (C) Proliferative activity. \*P\<0.05.](MMR-22-04-3327-g01){#f2-mmr-22-04-3327}

![Morphological characteristics of EPCs. (A) Control cells without USPION labeling. Magnification, ×20. (B) USPION (32 µg/ml) labeling are visible in labeled EPCs. Magnification, ×20. (C) Local magnification image of USPION-PLL nanoparticles under a scanning electron microscope. Scale bar, 10 µm. (D) Magnification of the blue square in part C (magnification, 4× that of C). (E) USPION labeled EPCs under a scanning electron microscope. Scale bar, 2 µm. (F) Energy spectrum analysis of element contents in USPION. (G) Analysis of element content in EPCs labeled with USPIONs on an energy spectrometer. (H) Rightmost three samples are unlabeled EPCs. (I) Lateral scans of labeled cells by MRI. EPC, endothelial progenitor cell; USPION, ultrasmall superparamagnetic iron oxide nanoparticle; USPION-PLL, USPION-poly-l-lysine.](MMR-22-04-3327-g02){#f3-mmr-22-04-3327}

![Trend charts of rabbit blood lipid indices in the model and control groups. Serum (A) TC, (B) TG, (C) HDL and (D) LDL levels in atherosclerosis model and control rabbits. (E) Rabbit aortic artery in the control group. (F) Atherosclerotic plaque in the rabbit aortic artery in the modeling group, as indicated by the arrow. (G) Continuous and intact intima of rabbit aortic artery in the control group. Magnification, ×20. (H) Sclerotic plaque protrusions in arterial vessels in model rabbits. Magnification, ×40. (I) Continuous and intact intima of rabbit aorta in the control group without MMP-2 expression. Magnification, ×40. (J) Atherosclerotic plaques in model rabbits appear brown after anti-MMP-2 immunohistochemical staining. Magnification, ×40. (K) Continuous and intact intima of rabbit aorta in the control group without CD280 expression. Magnification, ×20. (L) Foamy brown signals were observed in atherosclerotic plaques in model rabbits after anti-CD280 immunohistochemical staining. Magnification, ×40. \*P\<0.05, \*\*P\<0.01 vs. control group. TC, total cholesterol; TG, triglycerides; LDL, low-density lipoproteins; HDL, high-density lipoproteins (HDL); MMP, matrix metalloproteinases.](MMR-22-04-3327-g03){#f4-mmr-22-04-3327}

![MRI of rabbits treated with USPION-labeled EPCs and control animals. (A) MRI of rabbits treated with USPION-labeled EPCs showed no significant changes in aortic vessels at (A) 1 day (B) 7 days and (C) 16 days after infusion. (D) MRI of rabbits in the control group. (E) Injured vessels were stained with Prussian blue 1 day after transplantation of USPION-labeled EPCs. Magnification, ×40. (F) Lesion vessels were stained with Prussian blue 7 days after the transplantation of USPION-labeled EPCs. Magnification, ×40. (G) Prussian blue staining of rabbit blood vessels in the control group. Magnification, ×40. EPCs, endothelial progenitor cells; USPION, ultrasmall superparamagnetic iron oxide nanoparticle.](MMR-22-04-3327-g04){#f5-mmr-22-04-3327}
